Higher plants, unlike animals, are unable to move and therefore potentially are subject to various forms of environmental stress, such as high-light (HL), heatshock (HS), drought, chilling, salinity, and air pollution. Thus, plants have developed mechanisms to rapidly respond to stress that minimize damage and ensure cellular homeostasis. To clarify the regulatory system functioning in response to HL and HS stress in plants, we have isolated heat shock transcription factor A2 (HsfA2) from Arabidopsis plants grown under a combination of HL and HS stress using suppression subtractive hybridization, and demonstrated that HsfA2 plays an important role in regulating the induction of defenses against different types of environmental stress. 1) Heat shock transcription factors (Hsfs) are widely distributed in eukaryotic cells. A total of 3 Hsfs are present in mammals while only one Hsf exists in Drosophila and one in Caenorhabditis elegans. 2, 3) In the Arabidopsis genome, 21 open reading frames encoding putative Hsfs have been identified. [4] [5] [6] Plant Hsfs comprise three conserved evolutionary classes, A, B, and C, which are mainly distinguished by the structural features of their oligomerization domains. 5) Class A Hsfs have been reported to play an important role in the induction of various genes involved in defense under stressful conditions. 7) Among 15 types of class A Hsfs in Arabidopsis, a functional triad operates during heat stress: (i) HsfA1a/A1b, the master regulator responsible for triggering HS-induced gene expression via the expression of HsfB1, B2a, and A7a; [8] [9] [10] (ii) HsfA3, transcriptionally controlled by dehydration-responsive element-binding protein 2A (DRE-B2A) and important for the establishment of thermotolerance; 11, 12) and (iii) HsfA2, the dominant Hsf in thermotolerant cells. 1, [13] [14] [15] Hsfs possess a conserved DNA-binding domain at the N terminus plus adjacent oligomerization domains, a nuclear localization signal, and short peptide motifs concentrated at the C terminus with aromatic and large hydrophobic amino acid residues embedded in an acidic surrounding. 2, 3, 5) Hsf acts through a highly conserved heat shock element (HSE) that contains at least three 5 0 -nGAAn-3 0 repeats in alternating orientations in the promoters of HS-inducible genes of all eukaryotes. 2, 16) In higher plants, the optimal HSE core consensus has been found to be 5 0 -aGAAg-3 0 . 9, 13) Individual Hsfs have unique functions as parts of different signal transduction pathways operating in response to environmental stress and during development. 6, 17) In contrast, the expression of a subset of small HSP-encoding genes that have been identified as targets of HsfA2 appeared to overlap with that of targets of HsfA1a/A1b in Arabidopsis plants. 1, [8] [9] [10] [13] [14] [15] These findings suggest that Hsfs function cooperatively in the expression of target genes in plants. However, little is known about which pathway mainly functions in the expression of a subset of genes under HS in plants.
Among class A Arabidopsis Hsfs, HsfA2 was significantly expressed under HL, treatment with H 2 O 2 or O 3 , and HS stress in a microarray analysis.
6) Furthermore, we have confirmed that HsfA2 had the highest level of expression among the class A Hsfs in response to HL and HS stress.
1) It has been reported that overexpression of HsfA2 enhances tolerance under stressful conditions, y To whom correspondence should be addressed. Tel/Fax: +81-742-43-8083; E-mail: shigeoka@nara.kindai.ac.jp Abbreviations: Bag, Bcl-2-associated athanogene; GFP, green fluorescent protein; GolS, galactinol synthase; HSF, heat shock transcription factor; HL, high-light; HS, heat-shock; HSE, heat shock element; Hsp, heat shock protein; Luc, luciferase while the knockout of this gene reduces basal and acquired thermotolerance as well as oxidative stress tolerance. 1, 14, 15) These findings suggest that the HsfA2 protein plays an important role in responses to various stressful conditions. Accordingly, we thought it important to verify the potential HsfA2-binding sites. The promoter region of a target of HsfA2, ascorbate peroxidase 2 (Apx2), was functionally mapped by deletion-based analysis, and then TATA-Box-proximal clusters of HSEs in the promoter as potential HsfA2-binding sites were identified by electrophoretic mobility shift assay (EMSA). 13) We have reported that 26 genes, including those for heat shock protein18.1-CI (Hsp18.1-CI: At5g59720), galactinol synthase 1 (GolS1: At2g47180), and Bcl-2-associated athanogene 6 (Bag6: At2g46240), are directly regulated by the HsfA2 protein at an early stage under normal conditions or by a combination of HL and HS stress. 1) To investigate gene regulation by HsfA2, we carried out transient reporter assays using luciferase (Luc) reporter constructs with different fragments of the Hsp18.1-CI, the GolS1, or the Bag6 promoter. Next we identified TATA-Box-proximal clusters of HSE in the Hsp18.1-CI promoters as potential HsfA2-binding sites by conducting EMSA.
Materials and Methods
Plant material and stress treatments. Arabidopsis thaliana ecotype Colombia plants were grown with 16 h-light, 25 C/8 h-dark, 22 C on Murashige and Skoog's medium under a light intensity of 100 mE/m 2 /s. The knockout Arabidopsis lines containing a T-DNA insert in the HsfA2 gene (KO-HsfA2; obtained through the SIGnAL project; http://signal.salk.edu/tabout.html) were obtained as pure homozygous lines as described previously.
1) Two-week-old seedlings were subjected to HL stress (800 mE/m 2 /s, 40 C) in a growth cabinet (Biotrom NC350, NK System, Osaka, Japan). Plants were collected and frozen in liquid nitrogen and stored at À80 C for further preparation.
Construction of plasmid for dual Luc assay. The fragment containing the CaMV35S promoter and nopaline synthase (NOS) terminator in the pBI121 vector (Clotech, Palo Alto, CA) was digested with Hind III/Eco RI and cloned into pHSG398 (Takara, Kyoto, Japan), yielding the pHSG/35S pro.-NOS vector. For the construction of the effector plasmid and the negative effector plasmid, the HsfA2 cDNA or the GFP gene was cloned into the Xba I/Kpn I site between the CaMV35S promoter and the nopaline synthase (NOS) terminator of the pHSG/35S pro.-NOS vector. HsfA2 cDNA was synthesized as described previously.
1) The GFP gene was kindly provided by Dr Y. Niwa (Shizuoka Prefectural University, Shizuoka, Japan). For the construction of the internal control plasmid, the firefly Luc (FLuc) gene (pGL-Basic Vector, Promega, Madison, WI) was cloned into the Kpn I/Sac I site between the CaMV35S promoter and NOS terminator of the pHSG398/35S pro.-NOS vector (pHSG/35S pro.-FLuc). In the construction of the positive and the negative reporter plasmid, the Renilla Luc (RLuc) gene (pRL-null vector, Promega) was cloned into the Kpn I/Sac I site between the CaMV35S promoter and the NOS terminator or replaced with the CaMV35S promoter of the pHSG398/ 35S pro.-NOS vector (pHSG/35S pro.-RLuc and pHSG/RLuc, respectively). The 5 0 -deleted fragments of the GolS1 (À981 and À481), the Bag6 (À1;000 and À510), and the Hsp18.1-CI promoter region (À931, À715, À471 and À230) were synthesized by PCR. These PCR products were digested with Xba I/Bam HI, Hind III/Bam HI, or Xba I/Kpn I, and the CaMV35S promoter of pHSG/35S pro.-RLuc was replaced. The other deletion constructs of the GolS1, the Bag6, and the Hsp18.1-CI promoter (pHSG/GolS1 pro. À290, À203, À142, À66, À37-Rluc, pHSG/Bag6 pro. À92, À73, À38, À8-Rluc, pHSG/ HSP18.1-CI pro. À137, À97, À53, M1-M7-Rluc) were synthesized by PCR. The PCR products were isolated and self-ligated. The primer sets are listed in the Supplemental Table 1 (see Biosci. Biotechnol. Biochem. Web site). DNA sequences were confirmed using an ABI Prism 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA).
Transfection into tobacco BY-2 protoplasts. Tobacco BY-2 cells (Nicotiana tabacum L. cv. Bright Yellow 2) were grown in modified Linsmaier and Skoog's medium, as described by Nagata et al.
18)
The isolation of protoplasts from BY-2 cells and polyethlen glycol-mediated transfection of DNA were performed as described previously. 19) The RLuc reporter plasmid, internal control plasmid, and effector plasmid and the GFP control plasmid were cointroduced into BY-2 protoplasts.
Dual Luc assay. Dual Luc assays were performed using a DualLuciferase Reporter Assay system (Promega) following the manufacturer's instructions. RLuc and Fluc activities were measured for 10 s each with a Luminescencer PSN-R (Atto, Tokyo).
Extraction of nuclear proteins. Nuclear extracts were prepared from 2-week-old wild-type, HsfA2 overexpressing Arabidopsis (Ox-HsfA2-6; formerly known as Pro 35S :HsfA2-6) 1) and KO-HsfA2 seedlings exposed or not to HL stress (800 mE/m 2 /s 1 , 40 C). For the isolation of nuclei and extraction of nuclear proteins from leaf tissue, we used a CelLyticÔ PN Plant Nuclei Isolation/Extraction Kit (Sigma-Aldrich, St. Louis, MO).
Electrophoretic mobility shift analysis. EMSA was performed essentially according to Lohmann et al. 9) with some modifications. A 44-bp fragment, including the active HSE region, of the promoter of Hsp18.1-CI was amplified by PCR using primers Hsp18.1-CI HSE-F, 5 0 -tctagaaaggagcattttct-3 0 Xba I site is in italics, and Hsp18.1-CI HSE-R, 5
0 -tctagagggaagttagagga-3 0 Xba I site is in italics, and originally cloned into pT7 Blue vector (pT7/Hsp18.1-CI pro. HSE). The Xba I-Xba I fragments were excised from pT7/Hsp18.1-CI pro. HSE. The fragments were labeled with -32 P dCTP by the Klenow fragment of DNA polymerase I (Takara). Labeled fragments (10,000 cpm) were incubated with 6 mg of poly dI::dC (Roche, Basel, Switzerland) and 15 mg of nuclear protein extract in binding buffer (20 mM HEPES, pH 7.6, 50 mM KCl, 1.1 mM EDTA, 10% glycerol, 2 mM DTT, and 5 mM MgCl 2 ). The reaction mixtures were incubated at room temperature for 30 min and then run on a 5% non-denaturing polyacrylamide gel containing 3% glycerol in 0.5 Â TBE buffer at 100 V for 6 h at 4 C. To detect labeled fragments, the gels were dried and scanned with a BAS 1000 image scanner (Fuji Photofilm, Tokyo).
SDS-PAGE was carried out on 12.5% polyacrylamide slab gels by the method of Laemmli. 20) Samples were denatured by boiling for 3 min in 0.1% SDS in the presence of 5% 2-mercaptoethanol. The proteins were stained with Coomassie blue.
Results and Discussion
Three genes targeted by HsfA2, Hsp18.1-CI, GolS1, and Bag6 were selected for transient reporter assays. Each contained several perfect and imperfect HSE modules in the putative promoter region within 1 kbp upstream of the coding region (Fig. 1A, C, E) . First we cloned the full-length cDNA of HsfA2 in a plant expression vector and tested its transcriptional activation potential on reporter constructs containing 1 kbp of the upstream sequence of potential target promoters fused to Renilla Luc (RLuc) (Fig. 1A, C, E) .
The RLuc activities of the protoplasts transformed with the RLuc reporter plasmid were hardly detectable with coexpression of green fluorescent protein (GFP), while RLuc activities were highly enhanced by coexpression of HsfA2, indicating that HsfA2 has the ability to initiate transcription by recruiting the endogenous transcriptional machinery to the promoters of the Hsp18.1-CI, GolS1, and Bag6 genes (Fig. 1B, D, F) . To map functional binding sites of HsfA2 in the promoters of Hsp18.1-CI, GolS1, and Bag6, we carried out transient reporter assays using RLuc reporter constructs with different fragments of the promoters (Fig. 1A, C, E) . Compared to the 931-bps promoter (À931), deletion of 834 bps from the 5 0 end (À97) of the Hsp18.1-CI promoter had no effect on RLuc activity, whereas deletion of 878 bps from the 5 0 end (À53) and of the entire promoter fragment (0) resulted in significant losses of activity (Fig. 1A, B) . In addition, deletions of 944 and 992 bps from the 5 0 end of the GolS1 (À37) and Bag6 (À8) promoters respectively significantly reduced RLuc activities (Fig. 1C-F) . The deletion constructs of the Hsp18.1-CI (À97 bps), GolS1 (À66 bps), and Bag6 (À38 bps) promoters contained eight, three, and four HSE modules respectively.
To clarify which modules are essential for high level of transcriptional activation by HsfA2, we determined the RLuc activities of constructs from which HSE of Hsp18.1-CI was deleted (Fig. 2) . The deletion of three modules (M1, M2, and M3) had no effect on the reduction in RLuc activity. Furthermore, the deletion of at least six modules (M4, M5, and M6) resulted in dramatically reduced RLuc activity; however, values were approximately 10-fold higher than those of the construct completely deleted of HSEs. Apx2 contained a TATA-proximal HSE dimer that is essential for transcriptional activation by HsfA2. 13) On the other hand, among the eight HSE modules, two modules of a TATA-proximal HSE in the Hsp18.1-CI promoter are essential for transcriptional activation by HsfA2 (Fig. 2) . It has been reported that the functional HSE of Drosophila is composed of at least three modules, and additional modules result in higher affinity interactions between HSF and HSE. 21) There are a large number of HSE modules and other cis-elements in the promoter regions of HS-responsive genes. 22) In fact, Hsf-dependent expression of HSresponsive genes is required for cooperation between HSE and CCAAT-box. 23) Recently, Guo et al. 24) reported that HsfA1a bound the stress responsive element (STRE: AGGGG). However, the present experiments showed that only HSE modules of target genes were essential for transcriptional activation by HsfA2, suggesting that other cis elements are not required. In conclusion, two modules of a TATAproximal HSE of Hsp18.1-CI are essential for transcriptional activation by HsfA2, and additional modules enhance transcriptional activation.
To prove the direct binding of HsfA2 to a TATAproximal HSE module within the Hsp18.1-CI promoter, we carried out EMSA using nuclear extracts prepared from leaves of 2-week-old wild-type, Ox-HsfA2-6, and KO-HsfA2 plants. 1) First we demonstrated the equal loading of nuclear protein (15 mg) from each plant by SDS-PAGE (data not shown). HSE-binding complexes of high molecular weight were detected in HL stressed the wild-type plants and unstressed Ox-HsfA2-6 plants (Fig. 3A) . When an unlabeled probe as a competitor was added to the reaction, the shifted band was undetected, indicating that the complexes specifically bound to a TATA-proximal HSE module within the Hsp18.1-CI promoter.
HL stress-induced HSE-binding complexes of high molecular weights were detected after 30 min of HL stress and then decreased in the wild-type and KOHsfA2 plants (Fig. 3B) . During the recovery period from the stress, HL stress-induced HSE-binding activities transiently increased after 30 min in the wild-type and KO-HsfA2 plants. In all cases, the addition of unlabeled competitors caused the shifted bands to disappear (data not shown).
Hsf homotrimerizes and acquires HSE-binding ability. 25) It seems likely that the binding of different Hsfs as heteromeric complexes to the HSE is essential for efficient synergistic transcriptional induction. Tomato HsfA3 has been found to interact with tomato HsfA1a by the yeast two-hybrid system. 26) Port et al. 27) have shown interaction between tomato HsfA1a and HsfA2. In addition, it has been reported that Arabidopsis HsfA2 was able to interact specifically with HsfA1b. 13) These findings suggest that class A Hsfs cooperate to induce the expression of their targets. Individual Hsf has a different molecular mass. 5) However, only one shift band was observed in the wild-type plants during HL stress conditions (Fig. 3B) , suggesting the possibility that heteromeric Hsf complexes bind to the HSE module within the Hsp18.1-CI promoter.
The expression of HsfA1a/A1b was constitutively low, and then HsfA7a as a target of HsfA1a/A1b responded rapidly under HL and HS stress conditions. 1, 6) The levels of HsfA2 under stressful conditions were markedly higher than those of HsfA7a. HsfA3 was not expressed under control conditions, 1) but accumulated significantly 5 h after HS and was more strongly expressed in the early recovery phase.
11) Charng et al. 14) analyzed the transcript levels of Hsp101, Hsa32, Hsp25.3-P, and Hsp18.1-CI in KO-HsfA2 plants during HS stress and recovery from stress. Although there were no differences in the transcript levels of Hsp101, Hsa32, Hsp25.3-P, and Hsp18.1-CI at 1 h after HS stress treatments (37 C) between the wild-type and KO-HsfA2 plants, levels were lower in the KO-HsfA2 plants during the recovery after conditioning at 37 C for 1 h. Furthermore, the protein levels of Hsa23 and class I small Hsp in the KO-HsfA2 plants were lower than those in the wild-type plants during recovery from the HS stress. After 2 h of prolonged HS stress, however, the transcript levels of Hsp101, Hsa32, Hsp25.3-P, and Hsp18.1-CI were lower in the KO-HsfA2 plants than in the wild-type plants. 14) Similar observations have been reported by Schramm et al. 13) We have reported that rapid induction of HsfA2 target genes in KO-HsfA2 plants was delayed under severe stress conditions (800 mE/m 2 /s, 40 C). 1) Although HSE-binding complexes in the KO-HsfA2 plants were detected during HL stress and recovery from stress, the activities in KOHsfA2 plants were markedly lower than those in the wild-type plants (Fig. 3B) . The present data and the data reported to date suggest that HsfA2 functions not only in the triggering of the response to environmental stress, but also in the amplification of the signal in the response.
The transcription of HsfA2 was remarkably induced in the KO-HsfA1a/A1b plants, to the same extent as in the wild-type plants under HS stress. 10) Charng et al. 14) have reported that knockout of neither HsfA1d nor HsfA1e led to changes in the heat-induced expression of HsfA2. Fig. 3 . HSE-Binding Activity in Wild-Type, Ox-HsfA2-6, and KO-HsfA2 Plants.
(A) Nuclear extracts from 2-week-old wild-type leaves exposed to HL stress (800 mE m À2 s À1 , 40 C, 30 min) and Ox-HsfA2-6 leaves under normal conditions were subjected EMSA using a 63-bp fragment (À97 to À35) in the Hsp18.1-CI promoter as a probe. The probe was incubated in the absence (lane 1) and in the presence (lane 2-5) of the nuclear extract. Cold competitors were added in 50-fold amounts for the labeled probe (lanes 3, 5). (B) Nuclear extracts from 2-week-old wild-type and KO-HsfA2 leaves exposed to HL stress (800 mE m À2 s À1 , 40 C) were subjected to EMSA using the 63-bp fragment (À97 to À35) in the Hsp18. response to different types of environmental stress are currently unknown. Further study of the gene regulation of HsfA2 is needed to understand in more detail the machinery acting in response to environmental stress in higher plants.
